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Prior t o  design of a noncritiqal rotor, a standard turbine rotor 
of a ccaamerical turbojet  engine vas sp l i t  in the plane of rotatian and , 

machined t o  p r d d e  a. passage for distributing cooling air t o  the base 
of each blade. The rotor was f i t t e d  with nmtuisted, hol lm,  air- 
cooled b-8 c a t a w  nine &bee h the coolant pm6age. 

In the investigatim reported herein, the. S i e d  turbine  rotor 
operated euccessRzlly to epee&! of 6000 rp~ with rat ios  of cooling- 

observed at these conditlcms were belav 450° B when coo- air   at  
1@ F vae used &can the laboratoryair system. The calculated disk 
temperatures based on the  correhtfon method presented fo r  rated w e  
conditicrns were well belar lpooo F at a cooling-air flow r a t i o  of 0.02, 
which is cansidered adqpate for R noncritical rotor. An appreciable 
Wfefence in -ture level existed between the faruard and reez 
dim. Thls temgerature Merence probably introduced  undesirable 
disk strese  dietxibutlane as a result of the  relative  elongations of 
the two disks. This lnveetie;ation was terminated a t  6OOO rpm 80 that 
s-t changes in the engine configurat~an could be made t o  relieve 
this condition. 

air t o  c a t f b U B t i C l ? l - ~ B  flaw 86 - as 0.02. - disk tcgnperE-8 . 

. - ,_ . . . ... . _ .  - 
c 

UNCLASSIFIED 



2 W A  RM E51Ill 
I 

U 

An Investigation l e  being conducted a t  .the RACA Lewis laboratory 
t o  extend.  the  application of turbine -caaling  to-full-scale turbojet 
engines and thereby  eliminate extensive use of critical  materials i n  
the turbine -rotom. Although the efPectiveneee of ' a i r  cooling ag a . . _  _ _  
means of controYing blade' t&@irati&i 'dietr1buti.m i s  demonstrated f o r  
various coolant.passrage c~ igur&~ions  In rereraces  1 t o  6 ,  other 
factors must be considered iri'desigi and &&lica,tiaa of ah-cooled nm-' 
c r l t i ca l  tUr;bine rotors.  The internal blade, coolant  passage  configura- 
t ion impO8~~f~limitatiOnS the external aeradynamics of the ro tor  
blade w h i c h  may Influe'nce over-all engine p e r f o w e . .  !@e uncmven- 
t iona l   conf igura t id  may &so 'cauie '&titi& ask stress  limitations. 
The coolant passage8 within the..rator must be  designed t o  provide uni- 
fow distribution 'of the cooling ' a i r  at the entrance t o  the blade base,' 
and an .efYective.  coolant supply isystem is required betwe& the  cm- 
pressor..bleed and rotor in le t  with suitable' leakage seals et the point 
of introduction i n t o  .the rotor. . D e v e l o p m e n t  of r o t o r  cunfYguraticms 
w h i c h  .faciYtate more conventional maas-production  methods muet ale0 
be CoUSfdEFed if high carpanent prducibil i ty is t o  be obtained. 

"_ . 

~ n y  supply ~-qggemeU%~l and rotor ccmfiguratiqns. t o  direct cool- . 
. 

ing air t o  the blade l a se s  .have  been considered. . A  commonly proposed - . 
system, which has been successf~XLy applied '$0- a& -extent *U the turbo-. 
Je t  englne, consists .of a thIn sheet metal shroud ahd impeller  located 
on one face of the turbine dl&, which provide an a ir  pas.sage aut t o  
the rim by having Wymuetrical transverse passage6 in the d m  struc- 
ture   to  the cooling-air openin8a In the blade base. & e l r y  design 
studies  indicated the desirability of a rotor  conf'iguratian.in uhich the 
centrifugal load .of the blades is carried in e symmetrical rim and disk 
structure and the cooling air i s  introduced through a symmetrical , p a -  
sage directly under the blade base. . It was '.&ticipated tht such a 
rotor cauld be  cooled uniformly Pram i ts  central plane, "d. be etnrc--. 
t u r a U y  stable, arrd'wauld a lso 'effect unif-&"chord&se distribution ~ 

of .co.oling air within the b+de shell. On the baeis of these require- 
mente, a spLit-disk rotor ccmfY.@iration vas selected which had cooling 
air supplied through the t a i l  cone to a central  hole in the rear disk. 

The prindpal  uncertainty in  design of rotare f o r  air-cooled non- 
critical  turbines l e  the lack of adequate data on disk temperature 
dietr ibut im.  mer a . r a n g e  of' blade coollng-air flows.. In this  investi- 
gation,  the magnitude.and behavior of internal  tqperature gradAent8 in 
a disk and i ts  operating temperature level 'a t  the 'cool ing-a i r  flows 
required f o r  acceptable blade terqperahres were"sought prior to fabri- 
cation of a simllar'noncrltical rotor .  !The cmguted s.tressee in a 
disk structure of the type wed in this inv-&stigatlon, having a ~ y p p l y  
hole in the rear dlek,"arrd ' the  results of a cald _spin tes t  of 8 similar I._ 

ro tor  as well as the design ' . O F  the sixpply '&t in the tail' cone that 
Introduces the coo- air i n t o  . t h e  rotor w e  discweed in reference 7. 
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For this investigation, 8 etandard J33 turbine disk of 16-25-6 alloy 
was altered to provide the desired configuration and fitted with 54 nm- 
twisted  air-cooled bIades, 'cast of high-teolq?erature alloy X-40 and con- 
taining nfne tlibes in  the coolant paesage. No attempt wae made t o  
correct the -adynamic design of the blades f o r  the initial rotor. An 
Internal -ne system was 'Incorporated that wae cansidered t o  be prbnarily 
a distributer rather than a caaqpreseor because the low circumferential 
speed a t  the t i p  of the vanes limited *e pressure rise available even 

N at high Internal  efficiencies. 
w 

The measured disk temperature dlstrfbutfane obtained f r a n  p r e m -  
nary operation of the engine aa w e l l  a s  disk temperatures 'predicted for 
rated sea-level static conditions are presented  herein. The runs 
reported were  con-ted at engine  speeds of 4000, 5000, and 6000 rpu, 
over a range of cooling-air flows frm 2 to 10 percent of the coubustion- 
&as flow. me initial phase of the investigation was terminated at  
6000 rpm In order t o  correct  a  difference in teqperature level encoun- 
tered between the forward and rear dim by mod3fying the engine coplfig- 
U r R t i m .  

The follawing synibole are 'wed in this repart: 

h' enthalpy based o n .  t o t a l  conditions . (Btu/lb) 

T temperature (OR or  9) 

Y weight flow (Iblsec) 

CP 

- 
av avemge 
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. . . . . . .  - m mixture of ccmibustian gas and cooling a i r  in  tall pipe " 

1 t o  1 2  reikrs t o  disk thermocayple locations . - b  

In t h i e  lnvestlgation of .  the cooling and structural problems 
encountered in an operating  air-cooled  turbine rotor, a J33 turbojet 
engine was util ized as a test faci l i ty .  This engine ha,d ia dual-entry-, 
type  centrif'ugal ccmpressor driven by a single-stage  turbine and. the 
conibustion-chaniber asseslbly col~sisted of 14 individual burners con- 
nected by flame propagation tubes. . I  . .  - 

- 

. " 

. - _ .  

. . .  - - .. - 

Turbine modifications; - The design.of the  air-cooled  turbine 
ro tor  is Il lustrated in figure 1. The standard &bine disk was sp l i t  
i n  the plane of rotation and each 'disk ukcljlmd to @ i x m % d e  a radial a i r '  
passage from the point of introduction of the coollng air i n  the rear . 
disk ta..%he blade base; this operation +duced the 'total  rotor  thickness ' , _; 

by 1/2 fnch. The forward disk of the turbine was Integral with the 
ehaft and carried  the  .torqq; llhe rear disk fornpd"one slde of the air, 
passage and permitted  introduction of the coo l i ng  air through a central, 
?inch rllameter hole. An amount of metal corresponding t o  'that removed 
i n  the a i r  supply hole was removed frm the  ceder  ,of the forward disk _ _  

_. - ". - . .  
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as shown in figure 1 t o  eq.Uze any radial elongations wbich might 
occur. The two disks were bolted  together with eighteen 7/16-inch 
diameter body-fit bolts,  with  sufficient  tension t o  adequately seal the ' 

parting =ne at  the rim of the disks.. An internal vane system, shown 
in T l g u r e .  2, wa.s U d  i n t e p a l  with the diek halves. The l8 bolts 
that fastened  the two disks together were buried w i t h i n  the lmgeller 
vanes and thus offered 11~) obstruction to the cooling-air flm. The 
coaling-air flow path uithin .the turbine ro to r  was designed t o  transfer 
as effectively as possible . t h e  c o w  air frm a plane perpendicular 
t o  the &s CT the turbine t o  a  plane through the axis und.er each blade. 

The cooling-air supply tde ,  w h i c h  was a pert of  the  tail-cone 
assenibly . (figs. 3 .@ 4), was pFlated in a labyrinth seal by a spider, 
&awn in the  right-hand view of figure 2; Thie spider was, in turn, 
piloted thraugh sealed b k a r i n g d  (fig.  1) by the spindle w h i c h  extended 
fram the forward disk and the spindle &nd fairing famed the inner 
boundary of the  cmllng-air supply passage. The t i p s  of the spider, 
w h i c h  remained stationary, were concentric w i t h  the turbine shaft. 
piloting of the cooling-air s ~ ~ ~ l y t u b e  is essential  bemuse seal mis- 
alinement due t o  thermal distartians and loading of the tail-cane 
structure may reault i n  exceseive lose of c o d h g  air. , 

1 W b i n e  blades. - The nontwiste& air-cooled blades (fig. 5) used 
in the ro tor  were made with the 8ame outside  profile as blade 4 fn 
refeence 4,  because the dies were available. The cooling-air passage 
of the bla&'*a packed w i t h  nine t~es-which ended at the platform of 
the blade 58se and thus the blade shell at the root section was forced 
to carry the eutire weight of- -the tubes. Edlng the tubes at  the blade 
platform %as ~ieceseary because the blade bsse'was 1/2 Inch ehorter than 
the arm because of the spl i t t ing of the dlsk. Therefore, the . 
cooling-air passage vi$hin the blade .base. tapered fram the blade pro- 

fig.  5(a) ) at the top of the base t o  the profile sham in  fig- 

The blade ahell'and base were precieim caet from the high- 
teqereture Uoy X-40. The cooling-air passage xae of colistant area 
from blade root t o  t i p  and the wall tapered linearly f r a n  the root t o  
the tip. The n- thiclmess of the wall was 0.030 inch at the t i p  
and 0.060 inch at the root. The nine etainless steel tubes were 
inserted in  the blade shell fram the t i p  and brazed in place. 'The 
arrangement and size- of these tubes &re sham in figure 5(a). 

Tail-cone modifications. - Although ccnrpressor bleed air for cool- 
ing i s  probably  necessary in a flight inritallation, the laboratory 

a high-pressure air syetem w&s used t o  8uppl.y the cooling sir t o  the 

. tion. The standard engins t a i l  cone was modified t o  prcmide introduc- 

rotor in W s  investigation in order t o  hasten the operation of the 
turblne, t o  maintain better control, and t o  extend the rapge of .opera- 

tion of the cooling air as sham in figurea 3 and 4, and dlscuesed in 
ref ereme 7. 
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Instrumemtation 
L 

Rotatiw thermocouple system. - The ro%ating  blade and disk thema- 
couples were carmacted t o  the insuleted terminals on the terminal ring 
(fig.  6 ) ,  clanqed  along the face Orp the diak, and , passed through a 3/8- 
inch radial hole in the &aft that provided acce88 t o  the' 3/8-inch &a1 
hole in the shaft as shown in figure 3. Forty-eight 28-gage lead wires 
w e r e  run through the drilled turbine shaft and the caupressor t o  a U s - '  
cannect and fndiating coupling and then, tci 'aysrip-k;ing-tspe thermocouple' ' 

ing comisted of a cnmmFv*cial p-in and socket c e c t a r  f i t ted with . 

chrome1 and alumel pins and sockets. . The 48: lead wiree were soldered 
t o  the engine s5de of this cannectar and 24 wires frm the thermo- 
couple pickup were soldered t o  the other side. Th;e connector WRB de- 
signed so that by rotating half of *he connector l 8 O o  w i t h  respect t o  
the other half, either coup of l2 thermocouples could be connected. 

. . _  

. -  
_ .  .- " 

pickup W h i c h  is 6- in figure 7 .  This d i s C m C t  and 1-w CQUpl-. . . 
- 'IT1 "8 . 

'_ ' .e:= 
. . .  

. . -. -, 
. .  
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Blade instrumsntation. - Three blade8 located approximately U O 0  
apart, were each equipped with three blada-rgll ,  €hermocouples and o m  - . .. - 

" 

thermocouple that measured the cooling-afr  teqperature i n  the ESade . 

root. These 12 thermocouples formed one group in the inaexing coupling. 
Data on the blades with thermocauplee' are not reported herein. 

. _ .  I '  

Disk instrmemtaticm. The location of the disk thermocouples is . 

ahown . i n  figure 8 .  Eight  thermo.couple8 w e r e  placed on the .farward disk" 
and nre  located BO as   to  enable meaiummnt of the radial  temperature 
profile of the diak as well'as the temperature gradient  across the disk 
thickness. Thermocmples 3, 2, a d  4 were 'placed about 0.14 inch 
beneath the outside surface of the diak. Thermocouples 3, 5 ,  and 8 were 
placed about the kame distance f r o m .  the inner surface of the forward _. 

dl&, thermocouples 3 and 5 being located under a cooling-air passage 
and thenaocouple 8 under a vane, t o  d e t e d  if the part of the disk . 

beneath the vane was cooled by t h e .  extended.h&t-tranefer  surface 
offered by the vane. 'Thermocouple 6 vas located in the tui.bine rim .et a 
radAus that carresponded t o  the base of the sarratione. Thermcmuple 7 
was placed BO as t o  gLva an average measummzrt of the serration tem- 
perature. Only three thermocouples, 9,  '10, and' 11, were located on the 

t o  brine: the wires  t o  the terminal  ring on the front face (fig. 6). 
The installation o f .  the tharmocauples i n  the rear df8k is shown i n  fig- 
ure 9. These thsrmocouples w e r e  positioned a$proximately in  the center 
of the dfsk width t o  give an average raw1 temperature profile of the 
rear dids. Thermocouple 12 was placed on the spindle directly beneath 
the inner raoe o f .  the foremost spider bearlng (f fg. 8 ) .  

rear di8k because af 'the mC8BSity of &ill- a hole .through the di&S 

. . . . . - - - . 
The as8mbly of the 36-gege cbromel-alums1  thermocouple8 was the 

same 46 that for  the air-cooled blades described  in-reference 1. The . . . - . - - 
it 
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thermocouples were' insulated .inside 0 .W-inch Inconel tubing and in- 
serted in the holes dril led fn the disk. The Inccms'l tubing, with the 
 lead.^ inside, was attached by spot-welded atraps t o  the side of the dids 
as ahown fn figure 6 and. the tlibing terminated nsar the ineulated bolts 
located on the thmmocouph terminal rlmg. 

Cooling-air supply control and instrumentation. - The coollng-afr 
flow t o  the a s k  was measured b r  a standard ABbB f l a t   p l a t e   a r i f i ce  and 
waa controlled by remate-control valves. The' cooling-air inlet tem- - 
perature t o  the turbine rcvtpr XBB measumd by the two open-end iron- . 
constantan t q e r a t u r e  probes located on the survey rake in  the coolfng- 
a i r  eupdly tube (fig. 4). Additional fnstrumentaticm in ths t a i l  cone 
consisted of two dhramel-alums1 -ouplee spot-welded to the surface 
of the baffle plate.' 

- 
metric tachamst& was used to   masme & spsed. The ccmrpressor fnlet 
temperature was measured by'- Melded thermocouples on bath the 
front EII~ rear inlets,  which w e r e  spaced equally about the circum- 
f erence. The conrpreseor outlet  tenperatme and total and s t a t i c  pres- 
sures ware msasured by probee loa%ted in the dAffuser section just doin- 
stream of the compressor. Ths engine mss flow was calculated frcan t e  
perature d tatal B p d .  e ta t ic  preswxre readings obtained fram a survey 
rake located in the t a i l  pipe a p p r a t e l y  6 fee t  aaKnetream of . t h e  

turbine. Fuel flow was measured by mans of a calibrated rotsmSter. 

The turbine was operated et various 8pee'ds and cooling-air flow6. 
Tor  a given sped, w h i c h  was regulated by the uee of a etroboecopic 
tachmeter, the csoling-air flow wae varied by means of the remote- 
control valves. Tor all rune repacted hscrein the adjustable exhauet 

The 12 thermc~lrples in the dl& were arranged,in the disconrbct and 
indedng c w l i n g  so that -ng wae not  necessary t o  obtain reapinge 
on a l l  disk therm/~couple~. -'~atart$ng and operating  procedmes 
w e r e  stRnAsrd. When the engine was ahut down, howwver, the cooling-air 
flow was maizrtainsd after the fuel was shut off in an e f f o r t  t o  cool 
aiak so that the bearingi on the spindli shaft w o u l d  not be heated by 
the Large heat source in the ask. 

The data  presented herein were bbtained a t   th ree  englne speeds, 
4000, 5000, and 6000.rpm. A summarg .of the engine operating  conditions 
is given i n  table I. For  each speed the cooling-air flaw was varied 
fran 10 percent t o  approximately 2 percent of the compressor mass fluw. 
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Correlation . o f  D i s k  Temperatures 

A t  present, no analytical method is known far predicting air-coold. 
dl& tempraturea such as the msthod developed in reference 8 and used 
In reference I t o  predict the spanrwiee temperature distribution of an 
air-cooled blade.' "A method has be& started, however, by coneidering a 
differmtial section of the disk and expressing the heat-balance equa- 

proceeses. The preliminary equatiool for predicting d i s k .  temperatures ia 
of third-order differential farm and is  a function of the geollletric loca- 
t ion and size a" the element under consideratiaa, the heat-tranafem 
coefficient on the outside of the die, the heat-tranefer  coefficient op1 

effective gas temperature, the effective  cooling-air  hqemature at t h e ,  

cooling-air  inlet,  the  cooling-air weight flow, and the dlek speed. In 
equation (1) of reference I the blade temperature is 8 functicm of the 
8- general terms mtimd far "tme with the eXC@iCpl 
that the thermal conduotivity has been neglected in the blam-temperature 
equation. Because of the Rmctional  similarity between the two equa- 
tions, a temperature difference ra t io  that describe6 the  effectiveness 

correlate  the dl& temperatures, a t   l eas t  far a  given turbine speed. ' 

ti- for this 8 8 C t i a  the basis Of t b  C o n d u Q t i m  and C a z r P e C t i m  

the coding-air Side' of the ai&, the canauctivlty of ths material, the 

e the coolw3 PQces!s.-and-.i.s aimilar...tp_g.y3*. us~a_~"re f -~~s_ I ._shau la . .  

. .. 

" 

" 

- 

. .- 
a 

.- 

.I 

Tenperaturn and pressure msasuremsnts were not made a t  the stator,, 
inlet. Since the clrclrmferential and radial temperature patterns from 
the burners varied xidely, a large nuufber of insimqnemts would ham be& 
needed t o  obtain an accurate average. Therefore, it was necessary to 
cazouLate the average etator inlet temperature from the meaBuremeats 09 
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where  

''a, I - t o t a l  enthalw of b l a h  cooling air outside! t a i l  cons ( h / l b )  

t o t a l  enthalpy of cardbustian gasee a t  statar in le t  (Btu/ib) 

total enthalpy of mixture & combustion gases and cooling air 
h'g, s, I 
''m 

Pa m r  t o  pump blade cooling air- (Btu,/sec) . 

in t a i l  pipe (gtU/lb) 

p m r  required by compressor (Btu/sec) 
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the t a i l  pipe was samewhat, less than 031 .t&e. configuration cansitde;red 
herein. If the cmoling a i r  discharging from the .tips of.- blades WB 
not mix thmoughly with the camb,ustiF ,gases but, inetead flows along .t;hs 
outer wall of the tail cone , the tempematures measured by the rake may' 
not be the true average mixture temperature men .- ths rake eXtw 
entirely across the t a i l  pipe. Bbvever,.the calculated  effective gas 
tamperaturee are estimated t o  be accnrate to  within 4 percent of the 
true  effective gas temperature., The methode of determining , the  8tatq. -  - 
in le t  pressures and the tb.ernmQnmic propertiee of the couibusticm gas 
and the cooling air w e  the.sams as those described in reference 1. 

Determfnation of ElYectim Gas Temperature . 
In order .to calculate €he values of I - ~p for use in the omrela- 

tion procedure, . a r  . to  determine the disk temperatures when the values at 
1 - cp are  known, the effective gas temperature ' a t  the rotor - 

b l a b  must be evaluClted. The Lnterrelation of the effective gae temper- 
ature and the t o t a l  and static gas temper&€,Wed-anrX,t.he temperature . 

recovery factor A is discussed in reference 1 and excellent correla- 
t ion with %he .Darned  effective gas temperature over the range. of tem- 
peratures investigated is. shown.. The recovgry factor used fcrr the cal- 
culations  described .herein was deternined in the sam m as  that 
described 3n ref-3 1. 

Tg, e 

No measurements were made in the couibustian-gas stream between the 
stator bladee and the. rotor blades, because the space available was 
small and many surveys wuu1d.b- been required t o  obtain an accurate 
average of terqeratures and pressures, The calculation procedures for . 
determirring the t o t a l  and s ta t ic  temperatures and presswes.at  the  rotor 
blade in le t  from the conditions a t  the stator blade inlet are explained 
in reference 1. 

Cooling-Air Temperaturea 

Ths indicated cnoliag-air  temperatures measured by the rake in the 
cooling-air supply tube were corrected t o  t o t a l  temperatures fo r  use i n  
the evaluation of . h! . in equation (1) in a manner, similar to that 
described in reference 1. Ths indicated  cooling-air temperature was 
used as the effective cooling-air temperature a t  the rotor-inlet for 
correlation purposee. Thi8 shql i f icat ioq %e based ap .- following 
assumptions: The temperature recovPrry factary of the thermocouple and 
of the disk w e r e  roughly of the same magnitude, the relative  velocity  at 
the entrance t o  the disk and the absolute  velocity a t  the measuring 
station in the cabling-air supply tube w e r e  apprcmimtely the same, and 
l i t t l e  .heat was transferred t o  the cooling a i r  between the measuring sta- 
tion i n  the supply tube (fig. 4) and the entrance t o  the rotor. ~hese 
asmugtions should lead t o  l i t t le erm in the temperature-difference 
ra t io  . 

a, 1 

. . .. . - . . . - . - . . . . - . 

. .  
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The results of the ~ e r ~ ~  investigatione an disk temprature 
measmements of the split-tgpe  air-cooled tmbine rotor are presented in 
figures Lo through 15. 

Experimental  Data 

Varletion af diak temperaturee and inlet  coolirvc-air  temrpemature 
with coolinpair flow. - The experimental data far several  typical die 
thermocouplee and the  cooling-air  temperature  at  the^ inlet to the rotor 
are pres&ted in figures 10, -ll, and 12 for 4OO0, 5000, and 6000 rpm, 
respectively. The engins aperating  conditiane for the  points sham in 
figures 10 through 12 are presenked in table I. The general trends of 
the observed disk and  cooling-air  temperatures  are the same as that of 
the  blade  temperatures  reported in reference 1. The temperatures meas- 
ured in the forward ask, with  the  exception of that indicated by th- 
couple 1, Increased ae the radial  poeition  increased, as would be 

I expected. The a-p.parerct rea6011 for the *ature fndicated by tBsrm0- 
c q l e  1 being higher than ac equal to that  indicated by thermocouple 2 
is  that thermocouple l'was shielded  to soms e t  by the thermocouple 

cool3ag  air on the upstream  face of the forward dl&. In figure Lo, 
themnocouple I1 in the rear disk (2.82-in. rad) is ahown to have indi- 
cated a temperature Level between  that sham for thermocouples 4 and 6 
(6.81- and 8.14-in. rad, respectively) in the forward diak. This candi- 
tion is accentuated in figures ll and 12 for 5000 and 6000 -, res- 
pectively. The temperature  at  position 11 in the rear disk at SO00 rpm 
rose higher than that of themnocauple 6 in the forward disk at a cooling- 
air flow of about 1.85 pounds per second.  At 6000 %, this croBsmr 
occurred  at 2.75 pormda per second and at- the extremely low cooling-air 
flows of 0.70 'poild- per' eecdnd  -the temperature in ths r a r  di& at t h i s  
inner  radiue  reached  a  value  almost  equal to that  indicated in the 
sewrations in the forward disk. The temperature  indLcated by thermo- 
couple 11 w8s also higher than that  indicated by thermocouple 10 at the 
law coung-eir flows (fig.  12). 

c terminal rlsg (fig. 6) and received PO dlzect cooling fram the +ernal 

D i s k  teqerature profiles at 6000 rpm. - Typical radial tewerature 
prof iles for two  cooling-air flows for the forward and  rear  disk are 
Shawn in figure 13. The temperature  profile of the  foaward ask was at 
a very lcnr 1-1 and eseentially flat from the i-st thermocouple 
location  out to  a  radius of approxdtely 4 inches (fig. 13(a)).  ram 
this  potnt  out  to the temperature msasur&t in the serrations, the tem- 
perature increased rapidly  over the entire  range of cooling-air flows, 
but ewem at the larest cooling-air .fl& the serration  temperature wgs 

tive cooling. The axial  temperature  gradient  across 'the forward disk 
m e  negligible (see table 11) . 

c 

- 60O0 H luwr than  the  effective gas temperature,  vhich  indicated effec- 
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In figure l3(b),  w h i c h  presents the .temperature proflles in the 
rear disk far the same conditions that are s h h  in figure =(a), the 
temperature.level.out to a radius of 7.0 inches vas  considerably higher 
than that obta-ined far the forward diak. At the lower cooling-air flows, 
a  reversal in the prafile occurred, that  is, ' themcmple 11 read high=, 
than .thermocouple .IO. ' . ._ . . . . 

. . .  
. .  - . . - . . . . . . . . - . .  _ .  

- 1  

Correlation. of disk t aturek;. - . - B y  use df the *meter 1 - CP 
a d  the cooling-ab flaw r Z  w,/w,, _ _  ttm. correlation  plots ttm 11 
thermocauples located in the di'eke 'are presentett In figure 14. The tem- 
peratures .obtaFned far each speed-Sn the 'rear disk and in the forward 
disk mar  the rim ahowed g o d  co*eUtion ,and reproducibility w h e n  
plotted an a d l o g  coordinates. The .data fgr the 4000 ard.5000 rpm I;uris 
also correlated'closely,  but a t  6000 rpm the correlatiou curve tends t o .  
be slightly lower .which indicates  beliter Cwling. than at the two previous 
speeds. The resulting  plate i n  figures 14(d). to 14( j) indicate  a 
straight line relationship; The data  points f Cxr 'thermocouple 11, fig- ' 

ure 14 (k), h o w e v a r ,  were correlated by a 'slightly curved line. When 
examining ths bdqviar of . this thermocouple in figures 10, ll, 12, and 
13(b), it was .thought that .this point waa affected by other factars that 
were not described by the temperature-difference ratio,  posaibly by rad- 
iation from the tail-ccms baffle plate. T b .  slight scatter of the 
correlation p lo ts  in .figures 14(a), 14(b), ana U(c)  appeared where . ~ 

the disk temperotureB were In the la00 B ' r m g e  and the variation of 
temperature for -a gipen w e d  over the range of cooling-.air flows was 
small. The correlation  relaticmshtp expressed in figure 14 merely 
lndlcated that for.the three speeds investigated and for Bpecific 
coolimg-air flow ratlo,  the rat io  of g a s - B i d e  to cooling-air. side heat- 
tranefer  coefficients remained approximately constant. However, as pre- 
violzslg mentioned, the ,6000 rpm & " V 8 .  is  sl ight ly  lower and ag the speed 
i s  increased further ahifts of the curvee ctui probably be expected. 

- .  

. .  

Temperature Metribution and Heat-Transfer Characteristics 

Ths m . 8 1  temperam 1-1 Of the t W 0  disks Was V W ? 7  lOW, p e w  
because o f .  the 'dird'cf"coo1ing from the inteyzlal air  flaw, and partly be- 
cause'& the reduced heat  transfer irrto the rim of the turbine. Tlae 
temperattrre in the rear disk a t  any radial  position was much higher than 
that  in the  forwed disk. Tbis temperature dlifference I s  thought t o  be 
caused by several factars. The forward die was cooled externally a6 
well as internally. In the normal engine batal la t ion,   as  was u s e d h  
these jlwestigations, ram air is.supplied t o  the upstream face of the 
turbFns.and flows radially along the face of the wheel. Evidence of 
t h i s  severe cooling is ahown in figure. -fa) which lndicatee that the 
temperature profile.gver.ths range of coolant flows investigated a t  
6000 rpm *B. about .14p0 F aut to..a radius. ,of .,6,0.- inches. The. causeg 
the high tmperature' ,level- of the rear. di6k .were .thought t o  be radiation 

_ .  ._ .  

a ." - .. 

" 

" 

c 

_ .  



f ~ ~ p l  the tail-cans baff le  plate (fig. 3), conmction  heating frcm ths 
conibustion gases i n . t h e  chmiber between the rear disk and the baffle 
plate, and possibly separation of the cooling air from the irmer SLIFfetce 
of the rear. di& as the a i r  turned radially outward from the supply tube 
into the impeller. 

The primarg rea~qn far the two a s k s  remabxLnn a t  their respective 
temparature Levels during opeation was the insulating layer of air be- 

upstream face and heating ae the dametremi.face w e  place, but the 
temperatures tend to equalbe somewhat by kransverse ccmductim within 
the disk. This conduction process cannot take place t o  amy great extent 
in the s p l i t - t m  disk. 

N tween them. In the -1 operation of the solid disk, cooling of the 

8 
CH 

As w o u l d  be expected far cooJJpes a i r  cm both sidem of the f &.ward 
die, no appreciable traaeveree tenperatme  gradlent axlsted at the two 
radial positions investigated (see table SI). Also, no mer- 
appeared between the meamuwmnts obtained frcm themomuplee 5 and 8 .  
Thie Indicated  that ths extemded heat-tranafer surface ofeered by the 
impeller vanes did not affect  the disk temperature dimctly beneath the 
van08 . 

The ext- radial temperature that was measured i n  the 
forward disk near the rim (fig. 13(a)) an8 the emaller gradient thought 
to exist in  the re&k disk were &e t o  the fact  that one of the primary 
heat s m c e a  wa8 through the ,rim. The heat  supplied by conducticm' frm 
the blades into the disks and by direct  canvectfan'heating by the c d u s -  
tfcm -see waa appr-tely 5 percezit of that transferred  to the blades. 

'phe t8mpe4ratm-8 of the tail-cone baffle plate, measured by Dvo 
theaplDcouples . (fig. 4), indicated that it aperated from 200° t o  M O O  F 
hotter than the rear disk. The temperature of the baff le  plate at  the 
outer radius decreased 8s the Coollng-air flow dsmeased. W masure- 
msllts at the inner radius, w h i l e  they folluw the gmnerrrl trend as 
the outer' radius, were erratic,  especially at the higher cooling-air 
flaws. This unsteadiness m y  have been caused by coollng-air ledsage 
past the labyrinth s e a U  d o  ths baffle plate  a t  the hlgher  flow^ and 
pressures. This leakage might also explafn the behavior of the t-a- 
turee msa~ured a t  the inner radius of the rear disk (thsrmocouple U) as 
presented In figure8 10, II, 12, and l3 (b) .  At the higher cooling-air 
flows, and c0neequmtl.y greater lemkage through the seal, any radiation 
f r a n  the baFPle plate t o  th rear disk was reduced since the baffle 
plate was cooled by cosiiectian in thie  innsr region. As the leakage WBB 
decreased at the lower cooling-air flows, r a d i a t i m   t o  ths rear a s k  had . - more effect and the temperature a t  t h i s  point in the rear disk inoreased 
m e  rapidly than any- of the other disk temperatures. I .  
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The temperatures of the spider bearing tapindle for 4000 and 6000 
r p ~  are plotted in figure 15 as a function of the cooling-air flcrw. 
L i t t l e  effect of speed aq thege tempraturee is indicated In this plcrt. 
The bearing tqperature closely  follows the inlet cooling-air -era- 
ture and opemtional  difficulties could occur w i t h  canansroially avail- 
able bearings a t  high cooling-ab inlet temperatures. 

Estimated MI& Tamgperaturee a t  Rated Xngim C a n d l t i a n e  

The correlation presented in figure 14 permits  estimation of the 
disk teuuperature distribution a t  other aperatlng  conditione. Bigure  16 
shows such an estimation for  the rated opemating conditions crf t h i s  
engine at  a speed of U.,.500 rpm"i53ing 2 percent of t)m . e n g i n e  mass flaw , 
for cooling. These estimatians were based op the data presenked in 
figure 14 far 6OOO rpm. If the correlation curpes continue to shift 
damward, as indicated by the diFperence' between the 4000 and 6OOO rpm 
data, these estimates may be somewhat c o m m t i v e .  The calculated diak 
temperatures far a met cooling-air  tqerrature CXP 120' B which  would 
be obtained by cooling the bleed air between tbs ccrmpressar d i s c h ~ ~ g e  
and the inlet t o  the t a i l  cone. are presented iu f lgure 16 (a). The 
calculated  gobats far a cooling-air inlet teqperature of 8450 B, w h i o h  
is slightly ab- ccmgressor discharge temperature are sham in fig- 
ure l6(a). The most significazrb observation t o  be derived from these 
calculeted pradiles i s  that the general temperature lml of ths tur- 
b i m  for the low blade cooling-air flow ra t io  af 0.02 8peoffied.waa 
w e l l  below 1000° F' even for the. case of the high cooling-air inlet ten- 
perature .us6d in  figure 16(b). This level is believed t o  be sufficient 
far application of air-cooled nomr5tical disks. Other factors such 
as ore- and corrosion reststance must be ccrnsldered befare a practical 
application can be e. 

A marked temperature difference between the fcxrward and 'rear diaks 
i s  ahown in figure 16. This temperature-level difference results in a 
differential  thermal expamion which may influence the disk stress dis- 
tribution considerably; *tailed  analysie of the effects on the stress 
distribution is discuesed'in  reference 7. Reducing the cooling-air 
inlet temperature has a bemeficial  effect on the calculated temgerature 
levels of the disks for the two cases presented in figure 16. Two modi- 
fications can be made t o  the d a t i n g  e&ne.configuration which might 
alleviate the difference in  temperature l m l  between the two digks. 
The most obvious modification is t o  res t r ic t .  the flaw of external 
cooling a i r  over the f-d disk. Care must be taken, however, that 
the rear turbine bearing does not overheat as t h i s   a i r  helps t o  cool tbs 
bearing. The other modificatian-tbat m y  be coasittered is t o  cool the 
rear dl& by circulating  cooling air inside the bul le t  of the t a i l  cone, 
thxle reducing the baffle plate and reducing the radiation . 

to the rear dl&. . 
- 
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The results obtained ahcrw that large reductions in diak temgarature 
can be obtained w i t h  ccroling-air flows required f o r  acceptable blade 
temperature, and that the use af noncritical metals in the  turbi- disk 
appears feasible. Since the turbim rotor  contains a large pecrces-ge 
of the crit ical   al loys in the .engfns, Bubatitution of a noncritical' tur- 
bins afak will increase the der of engfnss that can be produced f r o m  
a g$m svboupt of all- elements. The EtLtemat ive  method CXP achiev- 
ing a reducticm in critical materials in ths turbine and a  carrespondlng 
increase in number & emginee produced is to m a t e  the englns at a 
lowem temgerature level, w h i c h  may produce a marked 106s In aircraf t  
performance. Analyses conducted at the Lswis labmatory Indicate, 
hawever, that air-cooling of the blades snd disks can be 4chleved with- 
out  excessive loss in aircfaft  performance. Ib additton, the use of law 
allay materials greatly increases the variety of metal-fordng processes 
available  for producing diaks and blades. It also appears Arm des- 
studies  that have been made, that the 1188 of' eheet ms-1 oompcmmxts in  
the fabrication of the disks and blades is de6irabLe if a high rate of 
productim l e  to be obtained. 

S- maEwTILps 
An investigation was conducted t o  evaluate the structural and 

cooling characteristics of an air-cooled eplit-disk turbine rotor con- 
figuration p r io r  t o  des- and fabrication of s t3€mj,lar noncritical 
rotor. A standard J33 diek of 16-25-6 alloy was'modified for the 
inveetigatim and fitted w i t h  cast X 4 0  alloy nine-tube air-cooled 
blades. The results of t h i s  firpestlgation, which vas conducted in a 
production  turboje,%  engine, are summa.rized as f o w s :  

1. The experimental air-cooled rotor wae opemated succeseAzlly at 
cooling-air flow ratios of 0.02 t o  0.10 . u p  to  englne speeds of 6000 rpu. 

2. Operatian of '  the  split-disk rotor  indicates that good disk 
cooling can be obtained a t  the cooling-air flov lgt ioe required far 
air-coaled noncritical turbine bbdes. 

4. A oansiderable dsfference in teplrperratum leved. of the tK0 dieks 
wae encormte over the range of engins apeed and coollag-air flaw 
ratio  investigahd, whlch probably resulted from exceseive cooling of the 
forward diak of the rotor .  Because of the poesibillty that mde- 

r 

- sirable stress d i B ~ r i b u t i o n e  i n  the txo disks would result f r a u  the 
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Figure 8. - Turbine disk thermocouple locations. (All il.f.manRioXls Ja inches. ) 
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Figure 14. - Concluded. Carrelation of disk 
teqeraturee w i t h  cooling-air f l o w  ratio 
at several e- speeds. 
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